Introduction
The preparation of silica particles with nano-to micrometer scale microstructures has been actively studied in recent years 1 9 . Since Kuroda 5 and the company Mobil 6 reported the preparation of mesoporous silica, silica particles with various nanostructures including porous, hollow, and core-shell structures have been developed. In particular, silica nanotubes have recently attracted attention as these structures are known for biological compatibility, photoluminescence properties, low density, high-specific surface area, and the capability to incorporate materials; therefore, there are many potential applications of these structures as light materials, absorbing materials, separating agents, heat insulators, catalysts, biosensors, and nano-sized using the soft template method with chiral surfactants 19 , cationic 20, 22 or anionic 21, 22 surfactants, and hexagonal liquid crystals comprised of triblock copolymer surfactants or lipid nanotubes 23 as the template.
Our group focused on the myelin figure as a template for the synthesis of silica nanotubes. Myelin figures are molecular assemblies where alternating layers of bilayer membranes of surfactants and water form a lamellar tube. These figures grow when the lamellar liquid crystal comes into contact with water; using the concentration gradient as the driving force, the material swells on the water side while keeping the layer spacing constant in the lamellar liquid crystal 24 32 . There are few reports on the synthesis of silica nanotubes using myelin figures as templates; the only report is that of Li et al. on the synthesis of silica nanotubes using myelin figures of ethylene oxide/butylene oxide copolymer poly ethylene oxide -b-poly 1,2-butylene oxide : EO 16 BO 22 , a diblock copolymer amphiphile 33 .
This paper does not address some issues; the correlation between the structures of the final silica nanotube product and the myelin figure template is not discussed, the silica tube formation mechanism is not discussed, and the template used in the literature EO 16 BO 22 cannot be obtained easily.
In this study, Pluronic surfactants, commercially available triblock copolymer amphiphiles, that form myelin figures were first investigated, and it was observed that Pluronic P123 can form myelin figures. We report the successful synthesis of silica nanotubes using myelin figures of Pluronic P123. We also succeeded in recovering tube structures from the dispersion medium using the freezedrying method and proposed the silica nanotube formation mechanism using myelin figures as the template.
Experimental

Reagents
The following Pluronic surfactants triblock copolymer amphiphiles were used as structure directing agents: Pluronic P103 EO 19 20 , Mn 5650 from BASF Japan Ltd., Tokyo, Japan. Tetraethyl orthosilicate TEOS, Kojundo Chemical Laboratory Co., Ltd., Saitama, Japan was used as the silica precursor. Chloroform CHCl 3 , Wako Pure Chemical Industries, Ltd., Osaka, Japan and ultrapure water 18 MΩcm were used as solvents. The colloidal silica with a diameter of 45 nm dispersion medium concentration 0.01 g/10 ml, Nissan Chemical Industries, Ltd. was used. The solution pH was adjusted using 25 ammonia solution NH 3 aq, Wako Pure Chemical Industries, Ltd., Osaka, Japan .
Methodology 2.2.1 Evaluation of myelin figure formation capability of
Pluronic P123 Myelin figures were obtained using the following procedure 24 . Mixed solutions were prepared by mixing 0.1 g of various Pluronic surfactants with 0.05 g of chloroform. One drop of the mixed solution was dropped on a microscope slide with a spacer, and a cover slip was placed on top Fig.  1 . The myelin figures were formed at the interface between the mixed solution and ultrapure water by dropping ultrapure water in the space between the microscope slide and cover slip formed using the spacer. The structure of myelin figures was evaluated using an optical microscope IMT-2, Olympus Corporation, Tokyo, Japan .
Preparation of silica nanotubes
Silica particles were prepared using the following procedure. First, mixed solutions were prepared by adding 0.1 g of a Pluronic surfactant, 0.1 g of TEOS, and various amounts of chloroform in a 50-ml vial. Then, to adjust pH at 9.0, 20 ml of ammonia solution was dropped from the top of the liquid surface of the mixed solution such that the liquid/liquid interface was kept intact and was then kept still for 7 days at various temperatures. The resulting dispersion was freeze-dried 2 Pa, 24-48 h to obtain P123/ silica composite particles. Silica particles were obtained by sintering at 550 for 6 h to remove the P123 templates.
Observation of Pluronic P123 myelin figures
Mixed solutions were prepared by adding 0.05 g chloroform and 0.1 g TEOS to 0.1 g Pluronic P123, and the myelin figures were observed using a procedure similar to that described above.
Transmission electron microscopy TEM observations using the freeze-fracture replication method were performed to examine the myelin figures in more detail. A mixed solution was prepared by adding 0.1 g Pluronic P123 and 0.05 g chloroform in a 50-ml vial. Then, 20 ml of ultra- pure water or colloidal silica dispersion was dropped from the top of the liquid surface of the mixed solution such that the liquid/liquid interface was kept intact and still at 25 for 1 day. The solution near the liquid/liquid interface was extracted and rapidly frozen in liquid propane using a cryopreparation-apparatus Leica EM CPC, Leica Microsystems GmbH, Wetzlar, Germany . The frozen sample was cleaved at 160 using a freeze-replicating apparatus FR-7000A, Hitachi High-Technologies Corporation, Tokyo, Japan . A replica of torn surface was formed by depositing platinum at an angle of 45 , which was then strengthened by vertical deposition of carbon. The sample was then rinsed with methanol and water, transferred to a 400-mesh copper grid Okenshoji Co., Ltd., Tokyo, Japan , and observed using freeze fracture TEM FF-TEM H-7650, Hitachi High-Technologies Corporation, Tokyo, Japan .
Evaluation of silica nanotubes
The structures of the obtained silica particles were evaluated using TEM and scanning electron microscopy SEM: S-3400 Hitachi High-Technologies Corporation, Tokyo, Japan . Infrared absorption spectra of the silica particles before and after sintering were obtained using Fouriertransform infrared spectrometer FT-IR: FT/IR-6100, JASCO Corporation, Tokyo, Japan employing the KBr disk method. The specific surface area was determined using nitrogen adsorption/desorption measurements Autosorb-3B, Quantachrome Instruments Florida, USA operated at 77K.
Results and discussion
Evaluation of myelin figure formation capability of
Pluronic surfactants The interface of the mixed Pluronic surfactant-chloroform solution and ultrapure water was examined using a differential interference optical microscope. Myelin figure formation at the oil-water interface was observed with Pluronic P105, L121, P122, and P123 Fig. 2 . The diameters of the myelin figures that formed were 20-50 µm, which is the same as that of typical myelin figures that have been reported previously. Previous reports on myelin figures have been conducted for materials such as phospholipids; however, we observed that myelin figures could be formed with some Pluronic surfactants. Therefore, the synthesis of silica nanotubes was attempted with these Pluronic surfactants. the optimum preparation conditions were determined using P123, in which the myelin figures were observed most sharply.
Synthesis of silica nanotubes 3.2.1 Investigation of amount of added chloroform
Mixed solutions were prepared by adding 0.1 g of Pluronic P123, 0.1 g of TEOS, and various amounts of chloroform in a vial. Synthesis of silica nanotubes was attempted by dropping 20 ml of ammonia solution pH 9.0 , from the top of the liquid surface of the mixed solution such that the liquid/liquid interface was kept intact and was allowed to stand for 7 days at various temperatures. Figure 3 presents TEM images of the P123/silica composite particles where the synthesis was conducted with the amount of added chloroform varying between 0-0.2 g.
A mixture of unilamellar and multilamellar tubes was observed when no chloroform was added during the synthesis. The membrane thickness of these tubes was not uniform. In contrast, unilamellar tubes with uniform mem- brane thickness could be obtained efficiently when 0.05 g chloroform was added. The addition of 0.1 g chloroform resulted in the formation of mainly capsules and aggregates, although some nanotubes also formed. However, capsules and aggregates formed without the formation of nanotubes when 0.2 g chloroform was added.
The above results indicate that the addition of 0.05 g chloroform is the optimum condition for tube formation. In other words, the addition of a small amount of chloroform contributes to the formation of unilamellar tubes with uniform membrane thickness, whereas excessive addition reduces the capacity to form tubes. This finding indicates that myelin figures become stable with the addition of an appropriate amount of chloroform because chloroform enters the hydrophobic part of the bilayer membrane that Pluronic P123 forms. However, the addition of too much chloroform results in the hydrophobic part of the bilayer membrane becoming too wide, destabilizing the myelin figures. Therefore, the structure changes into vesicles those become templates for the sol-gel reaction. We tried other organic solvents e.g. toluene , among them chloroform was most effective to form stable myelin figures and silica nanotubes.
Investigation of reaction temperature
To investigate the effect of the reaction temperature on the formation of silica nanotubes, the synthesis of silica nanotubes was attempted with the reaction temperature being varied between 25 and 60 . For this synthesis, 0.1 g of Pluronic P123, 0.1 g of TEOS 0.1 g, and 0.05 g of chloroform were used. Figure 4 presents TEM images of P123/ silica composite particles synthesized at various reaction temperatures. Unilamellar tubes formed when the temperature was 25 . Collapsed tubes and agglomerates of capsules were observed for temperatures 30 and 35 , and capsules formed with temperatures of 40 and 60 . The morphology of the silica particles changes dramatically with a change in the reaction temperature.
Myelin figures are known to be unstable and collapse with external stimuli such as mixing and heating to form vesicles 30 . Similarly, increasing the reaction temperature in this system promotes the collapse of myelin figures and the formation of vesicles. The reaction of TEOS is known to become faster with an increase in the reaction temperature with the same pH condition 34 .
The above information provides insight that explains the morphology changes when the temperature is changed. At a temperature of 25 , the myelin figures grow without collapsing, and the reaction of TEOS progresses using these structures as templates, thereby resulting in the formation of unilamellar silica nanotubes. The reaction rate of TEOS increases at 30 and 35 . Myelin figures become unstable with increasing temperature, and some collapse and form vesicles. Collapsed tubes and agglomerates of capsules form by the reaction of TEOS using these structures as templates. Hollow particles form at reaction temperatures of 40-60 because the vesicles that formed after the collapse of the myelin figures act as templates for the hydrolysis and condensation polymerization reaction of TEOS.
As mentioned above, the morphologies of obtained silica particles follow those of molecular assemblies of the pluronic surfactant associated with silicates. Myelin figure is generally metastable state and the complex of pluronic surfactant and silicates is also metastable because silicates are reactive in the aqueous phase. It should be noted that the morphology of obtained silica particles is reproducible in repetitive experiments.
Investigation of methods to remove Pluronic P123
and evaluation of properties of silica nanotubes A sample containing 0.1 g Pluronic P123, 0.1 g TEOS, and 0.05 g chloroform was allowed to stand for 7 days at 25 , and the resulting dispersion was dropped on a grid for TEM observation. P123/silica composite nanotubes with diameters of approximately 30 nm and membrane thicknesses of approximately 10 nm were observed Fig. 5a . However, after heat drying at 120 , no nanotubes were observed during TEM observation of the obtained silica particles. This finding implies that the cylindrical structure of the P123/silica composite nanotubes collapse with the evaporation of water during the drying process.
In contrast, nanotubes were observed in the TEM micrographs of the silica particles obtained by freeze-drying of the dispersion Fig. 5b . Freeze-drying progresses by the sublimation of ice; hence, the influence on the cylindrical structure of nanotubes is smaller than that of other drying methods.
Low-magnitude observation of the particles before sintering revealed bifurcated rod-shaped silica with diameters of 10 µm comprised of nanotubes with diameters of approximately 30 nm. SEM observations also revealed bifurcated rod-shaped silica with diameters of 10 µm Figs. 5c, 5d . TEM observation of the P123/silica composite nanotubes sintered at 550 for 6 h revealed that cylinder structures still exist Fig. 6 even after sintering. Figure 7 presents the FT-IR spectra of the silica particles before Fig. 7a and  after Fig. 7b sintering. The peaks attributed to P123 in the silica particles before sintering 2960-2850 cm 1 : CH stretching, 1470-1430 cm 1 and 1390-1370 cm 1 : CH bending were not observed in silica particles after sintering Fig. 7b . This finding indicates that sintering at 550 removes the template P123 from the P123/silica composite nanotubes.
The specific surface area of the obtained silica particles was investigated using nitrogen absorption/desorption measurements. Figure 7 presents the adsorption isotherms and BJH pore size distributions. There is almost no adsorption in the P123/silica composite nanotubes before sintering , whereas adsorption can be detected in the specimen after sintering. In addition, a hysteresis loop is observed in the adsorption isotherm of the silica nanotubes after sintering . The BET specific surface areas obtained from the adsorption isotherms were 14.0 and 589.46 m 2 /g for the P123/silica composite nanotubes before sintering and silica nanotubes after sintering , respectively. These results also indicate that sintering can remove the templates while keeping tube structures intact. We therefore determined that the optimum conditions for silica nanotube synthesis are the addition of 0.05 g chloroform and a reaction temperature of 25 based on the results in the preparation of the myeline figures. The synthesis of silica nanotubes was attempted for other Pluronic surfactants that can form myelin figures. TEM images of the obtained Pluronic/silica composite particles reveal that silica nanotubes can also be synthesized with other Pluronic surfactants Fig. 8 . In Pluronic P12X X 1 to 4 , which have a uniform hydrophobic group PO chain length, the diameter of the silica nanotubes decreases with increasing hydrophilic group EO chain length, and this the formation of tube-shaped structures at the micrometer scale comprised of nanoscale silica tubes. Thus, the effect of adding TEOS, a silica precursor, on the formation of myelin figures was investigated. Figure 9 compares the optical microscopy results of myelin figures from systems with and without TEOS addition. When TEOS is not added, myelin figures with diameters of 20-50 µm form at the liquid-liquid interface between the P123/chloroform mixed solution and ultrapure water, as observed in Fig. 2 . However, bifurcating myelin figures with diameters of 10 µm form when TEOS is added Fig. 9a . This result indicates that the addition of TEOS induces the bifurcation of myelin figures and reduction of the diameter. The size of this structure agrees with the size of the silica nanotubes observed with low-magnifitrend is also observed in Pluronic P103 and P105 with uniform hydrophobic group length. This finding indicates that the increase in hydrophilicity with the increase in hydrophilic groups of the surfactant promotes the diffusion of water into the mixed solution and the growth of myelin figures, resulting in the elongation of the synthesized silica nanotube structure.
Effect of TEOS on myelin gure structure
Minute silica nanotubes with diameters of approximately 30 nm could be obtained by the proposed method described in the previous section. Myelin figures formed by amphiphilic molecules typically have diameters on the order of a few tens of micrometers, and there have been no reports on nanosized myelin figures 24 32 . Figure 5 shows cation SEM and TEM Figs. 5c, 5d . A control experiment was performed with a colloidal silica dispersion instead of ultrapure water in a system without TEOS addition. Bifurcating myelin figures with diameters of 10 µm were observed Fig. 9b . Previous reports indicate that the myelin figure structure changes when colloidal silica is added 28 , and defects in a myelin figure cause bifurcation of 1 µm order small myelin figures from a large myelin figure 32 . This research also suggests that the minute silica particles formed by the initial reaction of TEOS form defects in the internal structure of the myelin figures that induce bifurcation. The existence of silica embrios causes defects or curvature changes in lamellar structure of pluronic surfactants. This defect suppresses the growth and the swelling of myelin figure 3.4 Formation mechanism of silica nanotube using myelin gure template The silica nanotube formation mechanism occurs as follows according to the experimental results described above Fig. 10 .
First, lamellar liquid crystals form at the mixed solutionwater interface by adding ammonia solution to an isotropic mixed solution of surfactant P123 , chloroform, and the silica precursor TEOS . Myelin figures form by swelling with the concentration gradient as the driving force; the interval between layers in the lamellar liquid crystal is kept constant. Minute silica particles formed during the initial hydrolysis and condensation polymerization reaction of TEOS induce bifurcation, resulting in the formation of myelin figures with diameters of 10 µm 1 . Next, myelin figures with diameters of 20-30 nm bifurcate from the surface 2 , which acts as a template until the completion of the hydrolysis and condensation polymerization reaction of TEOS.
In the proposed synthesis method using myelin figures as a template, the formation and growth of myelin figures and sol-gel reaction of the precursor progress simultaneously. Therefore, control of the precursor reaction rate would enable the synthesis of nanotubes of other metal oxides. Containing materials to be encapsulated in the mixed solution, which will become myelin figures, could enable efficient encapsulation inside tubes.
In the future, we will attempt the support of metal nanoparticles at the surface of the silica nanotubes obtained in this research, adding new functionalities by encapsulating drugs in the tubes or exploring applications of these structures as catalyst materials by synthesizing nanotubes of other materials such as titania and zirconia.
Conclusion
We succeeded synthesis of silica nanotubes with diameters of approximately 30 nm and membrane thicknesses of approximately 10 nm using myelin figures of Pluronic P123, a commercial triblock copolymer, as templates. The addition of chloroform 0.05 g stabilizes the bilayer membrane that comprises the myelin figures. Silica nanotubes form using myelin figures as templates. Heat drying 120 of the P123/silica composite nanotubes to remove the solvent collapses the cylinder structure; however, sintering 550 , 6 h after solvent removal by freeze-drying can remove P123 while retaining the cylinder structure.
The silica nanotube formation mechanism is as follows. First, lamellar liquid crystals form at the mixed solutionwater interface by adding ammonia solution to an isotropic mixed solution of P123, chloroform, and TEOS. Myelin figures form by swelling with the concentration gradient as the driving force while the interval between layers in the lamellar liquid crystal is kept constant. Minute silica particles formed during the initial reaction of TEOS induce bifurcation, resulting in the formation of myelin figures with diameters of 10 µm. Next, small myelin figures with diameters of 20-30 nm bifurcate from the surface of the Fig. 10 Mechanism of silica nanotube formation using myelin figure templates. large myelin figures, which act as templates for silica nanotube formation during further reaction of TEOS.
The formation of the molecular assembly template and silica framework progress simultaneously in the reaction system, and notably, the tube formation mechanism is different from previously reported template methods. We expect the synthesis of titania and zirconia nanotubes would be possible using similar methods or applications as catalyst materials by supporting metal nanoparticles at the tube interface.
